To present a novel methodology that uses a laser range scanner (LRS) capable of generating textured (intensity-encoded) surface descriptions of the brain surface for use with image-to-patient registration and improved cortical feature recognition during intraoperative neurosurgical navigation. METHODS: An LRS device was used to acquire cortical surface descriptions of eight patients undergoing neurosurgery for a variety of clinical presentations. Textured surface descriptions were generated from these intraoperative acquisitions for each patient. Corresponding textured surfaces were also generated from each patient's preoperative magnetic resonance tomograms. Each textured surface pair (LRS and magnetic resonance tomogram) was registered using only cortical surface information. Novel visualization of the combined surfaces allowed for registration assessment based on quantitative cortical feature alignment. RESULTS: Successful textured LRS surface acquisition and generation was performed on all eight patients. The data acquired by the LRS accurately presented the intraoperative surface of the cortex and the associated features within the surgical field-of-view. Registration results are presented as overlays of the intraoperative data with respect to the preoperative data and quantified by comparing mean distances between cortical features on the magnetic resonance tomogram and LRS surfaces after registration. The overlays demonstrated that accurate registration can be provided between the preoperative and intraoperative data and emphasized a potential enhancement to cortical feature recognition within the operating room environment. Using the best registration result from each clinical case, the mean feature alignment error is 1.7 Ϯ 0.8 mm over all cases. CONCLUSION: This study demonstrates clinical deployment of an LRS capable of generating textured surfaces of the surgical field of view. Data from the LRS was registered accurately to the corresponding preoperative data. Visual inspection of the registration results was provided by overlays that put the intraoperative data within the perspective of the whole brain's surface. These visuals can be used to more readily assess the fidelity of image-to-patient registration, as well as to enhance recognition of cortical features for assistance in comparing the neurotopography between magnetic resonance image volume and physical patient. In addition, the feature-rich data presented here provides considerable motivation for using LRS scanning to measure deformation during surgery.
. Although an impressive myriad of technology has been developed, there has been little quantitative documented benefit with respect to outcome or improved surgical performance. Whereas texturing laser range scanning (tLRS) technology could be seen as another in a list of these innovations, tLRS may have greater potential in that it may facilitate compensation for intraoperative tissue deformation during image-guided surgery (IGS), i.e., the brain shift problem (18, 20) . Combined with the low cost of laser optics and charge-coupling device (CCD) arrays, tLRS technology presents an interesting adjunct for IGS work.
In brief, a tLRS system passes a laser stripe over the surface of interest while collecting the reflected light with a highresolution CCD camera. Through the process of triangulation, the data acquired can be interpreted to reconstruct the 3D surface as a cloud of digitized points. The "texturing" nomenclature refers to a relatively novel feature whereby a second digital image of the field of view (FOV) is acquired at the time of scanning and is subsequently mapped to the 3D geometric point cloud. As a result, a representation of data is captured that contains both geometric and intensity information, i.e., a "textured" brain surface, the shape and visual features of which are associated with the FOV.
Textured surfaces can provide many cues that aid in object recognition and localization, including information about depth, curvature, the orientation of surfaces, and distances between object features (23) . For example, the benefit of adding texture to shape information in the field of face recognition is well established (3, 21, 22, 29) . Except for some limited studies using vessel bifurcations for image-to-patient registration and point-based brain shift measurement (19, 24) , cortical surface texture methods have not been studied with respect to neurosurgical navigation. Nonetheless, several findings from face recognition research may apply to neuronavigation. One of the most important of these is that the recognition speed of features can be enhanced by texture. Similarly, the orientation of the textured surface is important and it may be favorable to use tLRS displays that are reflective of an egocentric reference relevant to the viewer (29, 30) . Furthermore, animation and dynamic viewing may be important enhancements for recognition. With respect to visualizing brain shift, it may be more effective for a surgeon to see a dynamic rendering of the tLRS cortical surface to appreciate the degree of motion (11, 13) . Given the localized, feature-rich nature of the brain surface (i.e., non-diffuse features), the use of tLRS data should reduce view-point dependencies.
Despite the abundance of recognition research performed, previous work does not entirely apply to IGS visualization. The alignment of cortical tLRS data to a segmented magnetic resonance (MR) grayscale encoded volume rendering of the brain represents two completely different visual modalities. The difference in the geometric and textural representation of these surfaces requires an inherent pattern recognition task that is significantly different. Another dissimilarity is that recognition experiments often involve a learning and testing phase in which the recognition objects contain the same localized features (e.g., geometric structures of subjects do not change, only their pose). In IGS, the exposed cortical surface cannot be visualized before surgery and is markedly dissimilar in texture and appearance than the MR image counterpart (which can be studied preoperatively). This represents a fundamentally more challenging feature recognition task. However, this difficulty may be significantly offset by the level of expertise in the testing population (neurosurgeons).
We conducted a clinical study to assess the extent to which tLRS technology can be used in the operative setting and report the utility of this unique data and the enhanced visualization it provides. We examined two points in this preliminary, prospective clinical study. First, we quantitatively examined a series of image-to-patient registrations in near realtime to assess the fidelity of this registration process. Second, we investigated whether our novel tLRS-to-MR image volume displays could enhance navigational and cortical surface recognition. Our findings suggest that tLRS technology may allow surgeons to better evaluate the fidelity of image-to-patient registration and that tLRS can accurately provide anatomic cues for cortical recognition assistance, which will provide for real-time assessment of intraoperative brain shift.
METHODS
Eight patients (six men; mean age, 48.4 Ϯ 15.6 yr) with brain tumors (primary or metastatic) or medically-intractable mesial temporal lobe epilepsy were included in this study ( Table 1) . All patients were enrolled after obtaining written informed consent for participation in this study, which was approved by the Institutional Review Board of the Vanderbilt University School of Medicine.
All patients were imaged using a 1.5T magnetic resonance imaging scanner the day before surgery (GE Systems, Milwaukee, WI) with integration of 1.5 mm thick axial, gadoliniumenhanced T1-weighted images into a Stealth Station (Medtronic, Minneapolis, MN). After anesthetic induction, the patients were positioned on the operating room table and were secured to the table using the Mayfield three-pin head holder (Ohio Medical, Cincinnati, OH). The frameless stereotactic system was calibrated and confirmed. All patients received diuretics (mannitol, 0.5-1.0 g/kg) and steroids (dexamethasone) immediately before incision. Furosemide was used if additional diuresis was required. Surgery was then performed and laser range scanner (LRS) surfaces were obtained after durotomy, but before tumor resection. The laser range scanner used is the Model 200C Real Scan (3D Digital Corp., Sandy Hook, CT). Defined cortical landmarks, such as the veins of Trolard or Labbe or the veins of the Sylvian fissure were identified for each patient by visual inspection and recorded using a digital camera. All patients underwent craniotomy for tumor resection or epilepsy, with cortical mapping. Cranial flap sizes were determined solely by clinical factors. All patients were neurologically stable or improved immediately after surgery and no new deficits developed. No side effects related to participating in this study were noted.
Intraoperative Range Data Acquisition
During surgery, the LRS (Fig. 1A) was brought into the surgical FOV to acquire range data of the cortical surface at the surgeon's discretion. The scanner was mounted on a monopod stand retrofitted with a vibration damping base. In its most compact form, the monopod mount stands 4 feet in height, but may be extended to more than 6 feet. The monopod mount provides the standard degrees of freedom (yaw, pitch, and roll) for accurate alignment of the surgical FOV and the LRS. During acquisition, the monopod mount was placed near the surgical FOV. The stand was extended and yaw, pitch, and roll were adjusted to bring the scanner's acquisition camera to within 25 to 35 cm of the exposed cortical surface in a normal direction. The scanning extents (left and right scanning margins) were adjusted to encompass the craniotomy. At this point, minor calibration may have been required for the lighting conditions in the operating room (17) . After set up and calibration, a vertical laser stripe emitted from the LRS was passed over the exposed cortical surface and range data points were sampled as it passed from the left to right extent. Immediately after range data acquisition, a digital image of the surgical FOV was acquired by the LRS for the texturing process. After the scan the monopod was removed and the surgery proceeded. The entire scanning process (set up, calibration, scan) requires approximately 1 to 2 minutes per scan.
At the conclusion of each acquisition, the scanner generates five-dimensional data representing the geometry and intensity pattern of the cortical surface. An example dataset acquired by the LRS is demonstrated in Figure 1B . The first three dimensions are the x, y, and z coordinates of the LRS sampled cortical surface. The remaining two dimensions, u and v, of the LRS data are dedicated to mapping intensity information in the digital image of the surgical FOV to the range data. Standard computer graphics techniques of texture mapping are used to encode each geometric point with a corresponding color from the digital image of the surgical FOV ( Fig. 1C) (5) .
LRS Dataset Registration to Preoperative Images
After the intraoperative datasets were obtained, rigid-body registration was performed to align them with the preoperative image data. Registration provides an initial step towards incorporating the intraoperative data within an IGS framework. Related work with the LRS uses serial range datasets to measure cortical shift automatically (27) ; the cortical shift measurements can subsequently be used in a model-based compensation scheme that can predict subsurface brain shift. Nonetheless, the methods outlined in this report demonstrate the ability of the LRS to provide anatomic cues within the context of data provided by the preoperative images.
Registration of the intraoperative LRS data with preoperative image data necessitated the generation of textured surfaces from preoperative MR tomograms. Manually segmented MR tomograms were subjected to a marching cubes tessellation and radial-basis function smoothing to generate a faceted surface representation of the brain image volume with smooth surface normals. A ray-casting process was used to encode a surface texture onto the smooth polygonal brain surface mesh (17) . The end result of this process is shown in Figure 1D .
After generating corresponding datasets, three registration algorithms were used to align the intraoperative scene to its preoperative counterpart and results from each registration algorithm were examined. The first registration method was alignment by minimizing the distance between manually localized surface landmarks in each textured surface through a Procrustes' least-squares fitting (point-based registration [PBR]) (1, 26) . This is similar to the method described by Nakajima et al. (19) for organ-based registration.
The second registration method is the iterative closest point (ICP) algorithm that uses geometry information to register surfaces (2). The ICP algorithm works by determining correspondence between surfaces based on the closest points and then registering via Procrustes' alignment using the determined correspondence. This process of determining correspondence and Procrustes' alignment is iterated upon until a termination criteria, such as minimal surface to surface distance, is met. The final registration protocol is the SurfaceMI (SMI) algorithm which uses both geometry and intensity information to align textured surfaces (17) . The SMI algorithm uses closest point criteria to determine corresponding points in the two textured surfaces being registered. Once correspondence has been established, mutual information (14, 32) of the intensities in each point cloud is determined as a measure of registration accuracy. This method is described in previous reports (17, 28) . For this study, the SMI algorithm was extended to use a multiscale/resolution paradigm described by Sinha (28) .
It should be noted that each registration method tested here is capable of being used, in real-time, within an operating room environment. Each registration process takes on the order of minutes including any preprocessing required for the intraoperative tLRS data. The scale of intraoperative brain shift is significantly longer when compared with the time required to generate registration results and visualizations based on tLRS data. Thus, the use of tLRS and the aforementioned registration methods are amenable to current operative conditions.
Because a "ground-truth" measure of registration was not available at the time of acquisition for each of the patients, the results in this study are assessed visually. For patients with striking features in both preoperative MR textured surfaces and intraoperative textured LRS surfaces, those features were highlighted manually and used to assist in visual assessment of registration accuracy. Furthermore, a feature registration measure is reported for the quality of alignment of these features.
RESULTS
For each patient, the three registration methods were used. However, for brevity and space considerations, only a few representative registrations are demonstrated. In each case, a preoperative and intraoperative (pre-resection) tLRS surface map was obtained. Appropriate landmarks, such as cranial bone edges, cortical veins, sulci, gyri, or the tumor itself, which could be definitively identified on preoperative MR and the intraoperative surgical FOV, were used as reference landmarks.
Intraoperative Acquisition
Figures 2 to 4 demonstrate representative cases of the intraoperative surgical FOV, the textured surface generated from the preoperative MR tomogram, and the segmented intraoperative textured LRS surface.
For all patients, the LRS datasets captured significant features in the surgical FOV. Major vessels exposed in the craniotomy were captured in the LRS texture maps and were successfully encoded to the surface point clouds. Concomitantly, sulci, which manifest as dark grooves in the exposed FOV, were also transposed to the surface point cloud. Corresponding features in the textured MR surfaces were seen in all patients. Significant corresponding structures are highlighted for clarity in Figures 2 to 4 . In Figure 2B , the tumor shows up as a shadowy area anterior to the vein of Trolard. The corresponding area is highlighted in the tLRS dataset (Fig. 2C) . Another sulcal landmark is also evident in both textured MR dataset and tLRS just posterior to the tumor region. Figure 3 shows the relationship between a significant vessel and tumor in the surgical FOV for another patient. However, unlike the previous dataset, the tumor manifests as a brighter area in the preoperative MR textured surface (Fig. 3C) . The data in Figure  4 also demonstrate structures similar to those seen in the previous two images. Figure 4C shows another example in which the tumor margins are clearly evident in the preoperative MR, whereas the tumor manifests more as a geometric bulge in the intraoperative tLRS data (Fig. 4D) . All other cases demonstrated similar correspondences in surface textures between the preoperative MR data and the intraoperative tLRS datasets.
Registration Results
Root mean square (RMS) fiducial registration error (FRE) (15) from the PBR registration results are presented in Table 2 . RMS FRE measures the closeness-of-fit of the fiducial sets for the PBR. A low RMS FRE for the PBR registrations presented in this study implies good localization of corresponding surface fiducials in each textured surface, as well as a good registration between the two surfaces based on the fiducials. A high RMS FRE implies poor or incorrect localization of surface Table 3 . FtRA was calculated as the RMS closest point distance, in millimeters, between corresponding, manually highlighted features in the preoperative MR textured surface and textured LRS dataset. FtRA is subject to highlighting errors, but is a reasonably good metric to measure registration performance of each method relative to each other. The three columns in the table correspond to the feature registration accuracy given a particular registration method. In general, the ICP registration method provided the most accurate feature registration with a mean RMS feature registration accuracy of 2.0 Ϯ 0.9 mm across all patients. SMI registration provided the least feature registration accuracy with a mean RMS measure of 6.8 Ϯ 10.8 mm.
FIGURE 2. Patient 1. A, intraoperative high-resolution digital image showing the surgical FOV. The vein of Trolard is highlighted with the forceps. The tumor of interest is just behind the forceps in the image, signified by the heightened vascularization. Preoperative MR textured surface (B) and intraoperative textured LRS surface (C). The vein of Trolard and the tumor region has been indicated in both images.

FIGURE 3. Patient 2. A, intraoperative high-resolution image showing the surgical FOV with the tumor highlighted using forceps. B, intraoperative high-resolution image showing a significant vessel highlighted. Preoperative MR textured surface (C) and intraoperative textured LRS surface (D). The tumor and vessel highlighted in the digital photographs has been manually highlighted in each textured surface image.
FIGURE 4. Patient 3. A, intraoperative high-resolution image showing the surgical FOV with the tumor highlighted using forceps. B, intraoperative high-resolution image showing a significant vessel highlighted. Preoperative MR textured surface (C) and intraoperative textured LRS surface (D). The tumor and vessel highlighted in the digital photographs has been manually highlighted in each textured surface image.
Registration visualizations for all patients are shown in Figure 5 . Enhanced visualizations are shown in Figure 6 . For brevity and space considerations, only one registration method (i.e., PBR, ICP, or SMI) was chosen to be visualized for each patient. Each registration demonstrated in these figures shows the successful overlay of intraoperative data with preoperative image information.
The results for rigid registration of the intraoperative data to preoperative data for Patient 1 are shown in Figures 5A and  6A . The PBR registration provided good correlation of surface features in both surfaces; this is seen by the good alignment of the vein of Trolard and the sulcal groove just posterior. These significant features are highlighted in Figure 6A and help discern the registration performance of the PBR registration on this patient data. The FtRA for the PBR registration on this patient was the lowest (1.2 mm) of the three registration methods. The rigid-registration results for Patient 2 are shown in Figures 5B and 6B . While all three registration methods provided accurate results, the ICP registration provided the most accurate alignment of surface features (FtRA, 1.3 mm). The tumor and vessel just posterior are the most significant structures in each dataset for Patient 2 and both of these structures are aligned correctly in the registered view. In Figure 6B , the vessel structure just posterior to the tumor margin has been highlighted artificially in both datasets to provide insight into the registration accuracy provided by the ICP registration. Patient 3's rigid registration results (Figs. 5C  and 6C) showed excellent results for the SMI registration. The SMI registration demonstrates the ability for texture based registration to perform accurately on intraoperative data (FtRA, 0.8 mm). The dark vessel structure in the intraoperative LRS data is aligned well with the corresponding bright vessel in the preoperative dataset. The registration results for Patient 4 demonstrated a successful registration of LRS data acquired on the temporal region of the brain (Fig. 5D) . Patient 5's registration results are shown in Figure 5E . In this patient, it seems as though ICP registration performed the best at aligning features in each surface (FtRA, 2.3 mm). The results from Patient 6 (Fig. 5F) show the second case performed in the temporal region of the brain registered via SMI. Patient 7's registration ICP results are shown in Figure 5G . Close inspection of corresponding features in both surfaces show that the ICP registration process accurately registered the two surfaces (Fig. 6D) . Patient 8's results demonstrate the ability to align the feature rich, textured surfaces for a demanding dataset. Figure  5H shows the result of the PBR registration technique on the datasets for this patient. The preoperative dataset was mostly devoid of relevant surface features (i.e., vessel and sulcal patterns) near the surgical FOV.
DISCUSSION
The intraoperative acquisition results from this study demonstrate the ability of laser-range scanning to be used in an operative neurosurgical environment. Our LRS device was amenable to various surgical approaches and provided relevant surface data in every case tested. All intraoperative data acquired by the LRS device resembled, in shape and feature, the surgical FOV examined. Vessel and sulcal patterns evident on the surface of the brain during surgery were captured quickly using the LRS device, with minimal impact to the progress of surgery. In all cases, the LRS acquired significant features of the brain surface highlighted by the surgeon in the digital images (Figs. 2, 3, and 4) .
Incorporation of the textured LRS dataset to preexisting imaging modalities, such as MR tomograms, was achieved using three independent registration techniques: PBR, ICP, and SMI, a novel surface/intensity registration method. All three registration methods provided visually compelling results across all patients. PBR generally provided the most consistent alignment of the two textured surfaces. The low The feature registration measures calculated using the manually highlighted vasculature provide enhanced understanding of each registration method's performance in aligning the intraoperative data to the preoperative data. In general, both PBR and ICP performed equally well in aligning the corresponding datasets. SMI registration was less accurate than PBR and ICP. For example, Patient 2 exhibited a clear outlier in the SMI registration. In this patient, the SMI registration method gravitated towards a nearby feature set that resembled the true target features. This type of misregistration highlights a potential area of enhancement with the SMI registration method, i.e., local minima based on similar intensity patterns near each other. Future work on the SMI registration method may require augmented feature information sets, such as vessel structure and sulcal geometry, for accurate registration. We are currently developing algorithms that couple the geometry and intensity features more intimately during registration. Removing the SMI result from Patient 2 as an outlier brings the mean RMS feature registration accuracy down to 3.1 Ϯ 1.9 mm, a result marginally less accurate than the ICP or PBR registration methods. With every registration comparison presented here (FRE or FtRE), the accuracy is subject to some localization error. For example, vessel patterns do not present exactly the same with respect to feature width and depth between the two modalities (gadolinium-enhanced MR and color digital images). Designating these features within the MR image volume is dependent on the segmentation, surface fitting process, and the level of gadolinium contrast. In addition, the corresponding features in the LRS cloud are subject to inaccuracies in the scanning process, surface fitting and interpolation errors of the point cloud, and increased size owing to the addition of vessel wall width. In fact, in phantom results presented previously (17) , it was found that SMI outperformed the other two methods. In light of this, we are currently working on implementing an independent tracking system into the surgical theater that will allow us to carry out intraoperative validation of each registration method. Nonetheless, the current results are encouraging in that all three registration methods provide transformations that are very similar to each other based on the low feature registration errors, as well as to those seen with surfacebased registration systems.
Additional potential areas of research that will improve the clinical utility of LRS include technical advances in the design and implementation of the LRS device for real-time assessment of intraoperative brain shift. One LRS enhancement is improved camera optics, similar to those in the digital camera, used to gather images of the surgical FOVs. Comparing the results of a digital photograph of the operative scene with a corresponding texture image of the same FOV shows that the texture image does not resolve the FOV, in terms of fine features, as well as the digital image (Fig. 7) . Furthermore, the color contrast between the vessels and sulcal grooves has been reduced such that both surface features are approximated by the same color in the LRS texture. These limitations in the texture image may account for an incorrect global optimum for mutual information and the lower accuracy using SMI in some cases.
In addition to the results presented by each method of registration, the results in Figure 5 are important with respect to the enhancement of anatomic visualization provided by LRS technology. With current approaches to IGS, neurosurgeons often develop a surgical treatment plan by studying the patient's MR tomogram as a segmented reconstructed grayscale encoded volume rendering. By visualizing the segmented brain in its three-dimensional state with the MR grayscale providing anatomic landmarks, the surgeon can identify potentially sensitive, eloquent cortical regions. Unfortunately, these regions are often difficult to recognize intraoperatively owing to the lack of landmark recognition within the surgeon's FOV, i.e., the intraoperative presentation of the cortical surface requires adjunct methods such as cortical stimulation or intraoperative MR imaging, which can be time consuming, expensive, or available only at specialized referral centers. Although overlays of virtual anatomy have been performed on patients using special displays (8, 9) , the work presented here is unique in the degree of correspondence provided between the intraoperative three-dimensional cortical surface and the patient's MR tomogram. Textured LRS data provide an excellent method to quantitatively record the visual and geometric characteristics of the surgeon's FOV. It may become especially relevant in the future to permit more focused operative approaches to critical or eloquent cortical targets. The functionality of this data is shown in Figure 5 , A-H in two critical aspects: 1) by quantitatively correlating preoperative cortical surface imaging data (MR, fMR, NIR, EEG/MEG, etc.) to the surgeon's FOV through the process of registration and 2) by providing new anatomic cues to the surgeon during surgery that can assist in navigation.
An extension to the scanning protocol and visualization system presented is the determination of brain surface shift during surgery using serial tLRS measurements (28) . Serial acquisitions of the brain surface during surgery, if registered, can be used to determine the motion of the surface over the course of surgery. When used as a feedback system for current image-guided surgery systems, the calculated shift can update position of navigational aids with respect to brain shift. We are currently developing and validating a shift-tracking protocol using the LRS in the operating room. Although more research is still needed to make the technology completely compatible with today's operating rooms, the visual assistance provided by textured LRS technology warrants continued consideration as essential equipment for neuronavigation.
